We present here a new understanding of heterogeneous catalysis which is successfully applied to a relevant set of reactions involved in solar energy and conventional industrial applications such as oxygen evolution, oxygen reduction and hydrogen evolution in electrolysis, H-CH2OH bond photo-oxidation, hydrodesulfurization of thiophene, methanation of CO, hydrogenations of aromatics and alkenes, ammonia synthesis and decomposition. Not only experimental catalytic activities are well ordered as "volcano curves" by bond energy descriptors between transition metals and oxygen, sulfur, carbon, nitrogen, and hydrogen, computed from firstprinciples, but we have moreover discovered a linear correlation between the bond energy for any optimal catalyst, and the absolute value of the standard enthalpy of the limiting elementary step gas phase analog for the corresponding reaction. We propose a simple quantitative model to explain this universality: it should accelerate in silico discovery of catalysts, involving earthabundant elements, for crucial reactions in the production and conversion of solar fuels.
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Abstract:
We present here a new understanding of heterogeneous catalysis which is successfully applied to a relevant set of reactions involved in solar energy and conventional industrial applications such as oxygen evolution, oxygen reduction and hydrogen evolution in electrolysis, H-CH2OH bond photo-oxidation, hydrodesulfurization of thiophene, methanation of CO, hydrogenations of aromatics and alkenes, ammonia synthesis and decomposition. Not only experimental catalytic activities are well ordered as "volcano curves" by bond energy descriptors between transition metals and oxygen, sulfur, carbon, nitrogen, and hydrogen, computed from firstprinciples, but we have moreover discovered a linear correlation between the bond energy for any optimal catalyst, and the absolute value of the standard enthalpy of the limiting elementary step gas phase analog for the corresponding reaction. We propose a simple quantitative model to explain this universality: it should accelerate in silico discovery of catalysts, involving earthabundant elements, for crucial reactions in the production and conversion of solar fuels.
Manuscript main text
Although most industrially important catalysts known so far were serendipitous discoveries, further optimized by trial and errors, achieving rational design of catalysts has been one of the major challenges in chemistry for more than a century. Besides, the current global context of ever growing demands in energy and raw materials, combined with concerns about global warming caused by greenhouse gases emission and environmental impact of manufactured chemicals, calls for focused efforts to discover efficient new catalysts based on non-ecotoxic and earth-abundant elements.
It has been shown recently that for a given reaction, optimal catalysts can be quite generally identified thanks to so-called "volcano plots" which univocally relate specific activities (turn over frequencies) to "descriptors" or quantitative measures related to the affinity between reactants and catalytic surfaces (1), (2) . It is indeed a manifestation of the well-known Sabatier principle, (3) . Modern first-principles computational methods allied to available massive supercomputing power, have reached chemical accuracy in the simulation of the electronic and structural properties of chemical systems represented by models comprising now routinely up to a few hundreds of atoms spanning the entire periodic table (1) . In particular, several examples of volcano plots have been reported for industrially and environmentally significant reactions, where bond-strength descriptors are computed upon solving the Schrödinger equation in the framework of the Density Functional Theory (DFT). Moreover, the approach was proven predictive in the sense that "chemical interpolations", that is combining un-active or weakly active materials described to belong to the "sides" of a volcano into a mixed compound described to belong to the "summit", were verified to be highly active (2) , (1) .
Therefore a combinatorial in silico screening of candidate materials for catalysis if affordable in principle. However, the optimal bond strength for a given reaction has been so far unpredictable by theory, so that for a given reaction, building the volcano plot necessitates an experimental activity pattern, namely a very consistent set of turnover frequencies measured in the same conditions for a set of comparable catalysts differing as far as possible only by one chemical element involved. For instance mono-disperse transition metal nanoparticles supported on a high surface area silica (4), or transition metal sulfides nanoparticles supported on a high surface area alumina (5) .
Collecting such data thus involves a considerable amount of laboratory skill, time and cost. We report here the discovery of a most simple linear relationship between the bond strength describing the optimal solid catalyst, and the absolute value of the standard enthalpy of the limiting elementary step for the catalyzed reaction. We propose a simple interpretation of this relationship. This discovery allows in principle to circumvent the need of reference experimental activity patterns, and therefore to greatly expand the applicability of in silico screening of catalytic formulae. error margin of about 5% is indicated by the two independent sets of data for the same reaction. Materials. TiO2 is the photocatalyst, and we have assumed that in the oxidizing conditions of the reaction under UV irradiation, the dispersed metal particles of co-catalysts were oxidized in surface. EMO descriptors were accordingly computed for the most stable simple binary oxides in reaction conditions according to Pourbaix diagrams. The optimal * #$ is now located at 131.2 ± 6 kJ.mol -1 . Notice the discovery of the almost optimal activity of supported gold oxide in this case.
RESULTS AND DISCUSSION

Solar Fuels Applications: Electro-(photo-)catalysis
Other significant industrial applications (refining of fossil fuels, petrochemistry, ammonia synthesis)
Figure 3 presents on the top panel a volcano plot for hydrodesulfurization of thiophene:
ordinates of data points are experimental activities for highly dispersed unsupported transition metal sulfides as reported by Lacroix et al. (12) , (13) , (21) . Abcissae of data points are metalsulfur bond energies EMS. More details are given in Supplementary Materials section 5. The optimal * #& =137.3 ± 3 kJ.mol -1 is determined like above.
The bottom panel of Figure 3 demonstrates that a nice volcano plot is obtained for ammonia synthesis catalyzed by carbon supported metals (16) using EMN descriptors. Other volcano plots obtained for key reactions involved in petrochemistry, hydrogenation of CO (17), (18) , aromatics (2), (12) , (13) , one alkene (4), and ammonia decomposition (20) , are presented in Supplementary Materials. 
Universal relationship
Theoretical model
We interpret this very remarkable finding as follows: combining two simple Born-Haber cycles of general validity, we show in section 10 of Supplementary Materials that the energy difference ∆ between reactants and products in the chemisorbed state is equal to
, where (integer number) is the difference between the numbers of surface vacancies occupied by reactants and by products in this state. The correction factor would be equal to 1 if the computed descriptor #' of bulk bond strength was exactly equal to actual surface MX bond strength. The quantity | | #' represents therefore the energy transiently donated by the catalyst MiXj in order to catalyze the reaction, while X2 molecules are released in fluid phase.
As formalized by the well-known Brønsted-Evans-Polanyi (BEP) discussed below, a heterogeneous catalyst will work by bringing energy levels of reactants and products closer in adsorbed state. For exothermic reactions, (∆ + , < 0), reactants should be more stabilized by the catalyst than products so that > 0. For endothermic reactions, (∆ + , > 0), products should be more stabilized than reactants so that < 0. Assuming the rate determining step (r.d.s.) is the reaction between chemisorbed reactants and chemisorbed products, the kinetically limiting free energy barrier ∆ ± is related to ∆ by the BEP linear relationship ∆ ± = ∆ + where and are constants of dimension energy, and and ∆ are always of the same sign.
In absence of catalyst, the barrier is maximal, one has formally #' = 0, and therefore Moreover, in order to produce X2 molecules, while avoiding surface charging and the associated high cost in surface free energy, surface vacancies will be preferably created by pairs through homolytic dissociation of two MX bonds, leaving pairs of surface single electrons at free coordinatively unsaturated sites, so that | | ≥ 2 and is an even integer. Finally, the optimal catalyst should achieve the reaction with the minimal donation of binding energy, so that | | = 
CONCLUSIONS
In this report, we have shown that experimental catalytic activities for a set of eleven chemical reactions among the most important ones involved in the future production of solar fuels or in current petrochemical industry, can be organized as "volcano curves" when each catalyst is described by an intrinsic bond energy descriptor. Thereby, and in accordance with the historical Sabatier principle, an optimal catalyst can be identified for each reaction. The (E1.1)
#' can therefore be viewed as a "rebonding" energy of X to its complement in the original bulk structure MiXj. . Experimental activity patterns in ordinates from (6), (7) in OER, and (8), (9) in Photo OER. In abscissae, DFT descriptors computed according to the Yin Yang method (2) for bulk unit-cells of the various oxides indicated. Target atoms are indicated in red when necessary (see methods in supplementary information). regression lines connect data points. Dotted lines bracket the left and right hand side regression lines by ± the standard deviation of experimental ordinates with respect to their projection on the corresponding regression line, allowing estimations of error bars on the coordinates of the volcano summit as situated between cross-points of left+/right-and left-/right+. Within error bars, the same optimal bond strength within the oxide is determined for both volcanoes. 
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#' can therefore be viewed as a "rebonding" energy of X to its complement in the original bulk structure MiXj.
Calculation were performed through the MedeA interface (SR1.1). Structures of the relevant hydrides, carbides, nitrides, oxides, and sulfides were recovered from the Pearson and ICSD crystallographic databases (SR1.2) through the InfomaticA module in MedeA, which was also helpful in analyzing these structures for the determination of and providing them as inputs of ab initio calculations. Total energy calculations were performed with the VASP version 5.3 software (SR1.3) within the density functional theory, using projected augmented wavefunctions, the PBE functional (SR1.4) in the generalized gradient approximation, Spin Orbit Coupling option, and periodic boundary conditions. The unit cell parameters of the bulk compounds were optimized in order to minimize the total energy LMENLFEO under the approximations made in VASP, but the parameters were kept unchanged to compute LME and LFEO . All series of calculations were submitted through the PREDIBOND® module (SR1.5) within MedeA, which implements the Yin-Yang algorithm.
For computing the filling of the antibonding states of eg orbital parentage in the coordination sphere of transition metal cations Mi, the density of states (d.o.s.) for the optimized structure of the complete bulk MiXj structure was calculated with the VASP software at the same level of approximation as for #' as described above. In each case, the partial d.o.s. of d character spherically projected onto M atoms inside Wigner Seitz spheres was integrated from energy level Em up to the Fermi level EF. Energy level Em correspond to the minimum in d.o.s separating occupied t2g and e*g states, which is in octahedral symmetry of TM cations general clearly apparent (Fig. S1.1) . This integral provides a number of d electrons _ * W @# occupying orbitals of eg parentage .
For a subset of transition metal oxides considered in this work, We conclude that while our results clearly support the concept introduced by Suntivich et al. that metal-oxygen bond strengths in transition metal oxides are directly related to the filling of antibonding d states of eg parentage, the DFT based Yin-Yang #$ is a much more accurate descriptor than the eg occupancies empirically estimated by these authors. We conclude most importantly that the abscissae of volcanoes summit differ only by at most 5 kJ.Mol -1 , which is lower than the expected accuracy on #$ which combines the output of three separated DFT calculations, when results of different groups are considered (OER, POER and ORR A and B), or when outlying data points are reinterpreted. We adopt therefore * #$ = 179 ± 2 kJ.Mol -1 for OER and POER, and 170 ± 4 kJ.Mol -1 for ORR. 
3-Volcano pattern for Photocatalytic oxidative dehydrogenation of methanol by P25 TiO2 supported transition metals against EMO in transition metal oxides.
A series of photocatalysts M/TiO2 at circa 0.3 w% of metal M with M = Pd, Pt, Au, Rh, Ru, Ni or Ir has been prepared, characterized and tested for photocatalytic production of H2 from methanol dehydrogenation.
The incipient wetness impregnation preparation procedure consists in mixing 1g of TiO2 P25 with 1 mL of aqueous solution of ion M (metal precursors from Aldrich :Pd(NO3)2, H2PtCl6, HAuCl4, RhCl3, RuCl3, Ni(NO3)2 or IrCl3) to obtain a paste, which is then left at room temperature for about 6h. The obtained powder is then dried at 100°C under air for 12h and finally reduced under flowing H2 at 300°C.
The metal contents in the as prepared catalysts have been measured by ICP-AES (Activa HORIBA Jobin-Yvon) . TEM characterizations (microscope JEOL 2010) have also been performed on each M/TiO2 sample so as to determine metal nanoparticles size distributions.
By incipient wetness impregnation, it appears that it is possible to prepare co-catalyst nanoparticles with average sizes from 1 to 4 nm for Pt, Pd, Ru and Ir. Au, Ni and Rh are the exceptions. Gold particles are 34 nm diameter whereas for Rh and Ni, particles were not observable. Since it is clear that the incipient wetness impregnation is not appropriate to synthesize small gold nanoparticles, the colloidal deposition has been used in this case (SR 3.1) . A commercial sample Au/TiO2 from the World Gold Council has also been considered for comparison.
In the colloidal deposition procedure, 0.2 mL of a 0.25 mol.L -1 HAuCl4 solution is added to 100 mL of water. After 5 min stirring, a 1.3 mL solution of polyvinyl alcohol (0.5 wt%, obtained by diluting PVA MW 10,000 from Aldrich in deionized water) is added. After 10 min, addition of 2.5 mL of a freshly prepared NaBH4 solution (0.1 mol.L -1 ) causes the yellow solution to turn red. 1 g of white TiO2 P25 support powder is then added to the red solution. After 20 h of deposition the purple powder is recovered by centrifugation, extensively washed (1 L deionized water) and dried in air at 100
• C overnight and after finally reduced under flowing H2 at 300°C. TEM observations indicated and average Au nano-particle size of 3±1 nm for this sample.
A semi-batch slurry photo-reactor with a quartz optical window was used in all experiments. The light source was a 125 W high-pressure mercury lamp, delivering a photon flux of ca 5 mW/cm 2 at 365nm. The gases were analyzed with an Agilent 3000A micro gas chromatograph. The volume of methanol (MeOH) used was 50 mL with a catalyst concentration of 1 g.L −1 . The solution was magnetically stirred for 40−60 min, and the reactor was purged with Ar flow before the irradiation. Table ST. 3.1 summarizes all characterization and catalytic results in photocatalytic oxidative dehydrogenation of methanol (PODM) for this set of M/TiO2 photocatalysts. Providing that the most active catalysts are retained for Au/TiO2, it can be considered that co-catalysts dispersions are not significantly different for all samples in the set, so that H2 production hourly rates can be considered as valid activity measurements for comparisons. Plotting H2 production rates against #$ provides indeed the nice volcano presented on left panel of Fig. 3 in main text. This implies that in the operating conditions prevailing for PODM, the outer surfaces of the metal nanoparticles supported by the photocatalyst TiO2 P25 were actually oxidized, so that the corresponding stable oxide is the actual co-catalyst. Table ST. 3.2 provides the parameters for the regression lines defining this plot and its optimum. We adopt therefore for PODM #$ max = 131.2 ± 6 kJ.Mol -1 . 
4-Volcano pattern for ammonia synthesis and decomposition against EMN in transition metal nitrides
To build a volcano pattern for ammonia synthesis we rely on experimental activity data provided by Ozaki et al. (ref (16) of main text) for K promoted carbon supported transition elements under the stoichiometric reactants mixture 3H2+N2 at atmospheric pressure at 573 K.
#-descriptors were computed at the Spin-Orbit Coupling level, for the stable structures of metal nitrides in the test conditions, according to predominance diagrams when data were available (SR 4.1) or according to the minimal computed heats of formation in order to discriminate between identical stoichiometries. Table ST. 4.2 provides the parameters for the regression lines defining this plot and its optimum. Uncertainties were estimated as described in section 2 above. We adopt therefore for NH3 synthesis #-max = 95 ± 5 kJ.Mol -1 . To build a volcano pattern for ammonia decomposition, we rely on experimental activity data recently provided by Ganley et al. ( ref (20) of main text) for activated alumina supported transition elements under pure NH3 at atmospheric pressure and 853 K. In these careful experiments, ammonia decomposition rates were measured in differential conversion conditions, and normalized in terms of turnover frequencies (TOF, s -1 ) according to measured dispersions of the supported transition elements.
We have estimated the stable structures of metal nitrides in these test conditions from predominance diagrams when data were available (SR 4.1) or from the minimal computed heats of formation in order to discriminate between identical stoichiometries. There are some differences compared to test conditions of ammonia synthesis. #-descriptors of NH3 decomposition were computed for these stable structures. Table ST. 4.4 provides the parameters for the regression lines defining this plot and its optimum. Uncertainties were estimated as described in section 2 above. We adopt therefore for NH3 decomposition #-max = 88.0 ± 4 kJ.Mol -1 . 
5-Volcano patterns for hydrodesulfurization of thiophene and hydrogenation of biphenyl against EMS in transition metal sulfides.
Our volcano patterns for thiophene hydrodesulfurization and hydrogenation of biphenyl are reconsider published experimental activity data for unsupported transition metal sulfide catalysts (TMS) by Lacroix et al. in references (12) , (13) , and (21) from main text, and are similar to figures 1.7 and 1.9 of (SR 5.1). In the latter reference are described the procedures to determine the stable TMS structures in testing conditions for which #& YinYang descriptors were computed, and accordingly to normalize activities into turnover frequencies thanks to the concept of Areal Density of Active Sites (ADAS). We now report slight differences with our previous analysis, after a more careful inspection of thermodynamic stability diagrams for TMS in test conditions, and including spin orbit magnetic coupling in the DFT calculations of #& . For thiophene hydrodesulfurization 
6-Volcano pattern for hydrogenation of styrene into ethylbenzene against EMC in transition metal carbides
For this case we refer to the recent reference co-authoring some of us (4), which shows a (double) volcano plot for the selective hydrogenation of styrene into ethylbenzene catalyzed by silica supported transition elements. As shown in supporting information of this paper, the first peak of this volcano plot culminates for the abscissa #. max = 69.5 ± 1 kJ.Mol -1 when #. is computed in the Fm-3m (NaCl) structure.
7-Volcano pattern for hydrogenation of benzene against EMC in transition metal carbides.
For this case we refer to ref. (2) of main text, Fig. 5 of which shows a volcano plot for the hydrogenation of benzene at 303 K catalyzed by g-alumina supported transition elements and some of their alloys. We have re-interpreted the original data using the more appropriate M2C structures for the testing conditions, retaining the most stable structures according to computed heats of formation. #. max are determined at the intersection of the left hand side and right hand side regression lines in a semi-log plot of activities versus #. . z for the plot, but they are not included in the determination of regression lines. This procedure turns out to be fairly predictive for the activities of these alloyed catalysts. , while they are supported on silica for the latter. While experimental conditions differ somewhat, the two sets of activities A1 and A2 appear rather fairly correlated when expressed in mmol.molM -1 .s -1 at 550 K, and mol CH4 produced per second per mole CO adsorbed by the used catalyst (s -1 ) at 548 K respectively (regression equation in log-log scales : 1 = 25.23 2 +.
•+• with R 2 = 0.882 ).
We have estimated the stable structures of metal carbides in these testing conditions from predominance diagrams when data were available (SR 4.1) or from the minimal computed heats of formation in order to discriminate between identical stoichiometries. For these structures, #. values have been computed including spin orbit coupling.. 
9-Volcano pattern for the hydrogen evolution reaction at transition metal cathodes against EMH in transition metal hydrides.
The most complete review of activities of transition metals as electro-catalysts for the hydrogen evolution reaction (HER) can be found in the work of S. Trasatti (ref. (11) of main text). Some data on single crystals were later included in the comparisons, as in the recent compilation by Greeley et al. (SR 9.1) . In these compilations, specific electro-catalytic activities of metals cathodes for HER are normalized as +,% meaning current per unit area of cathode (current densities in A.cm -2 ), at equilibrium potential, i.e. 0V versus the Standard Hydrogen Electrode (SHE).
We have estimated the stable structures of metal hydrides in these testing conditions from predominance diagrams when data were available (SR 4.1) or from the minimal computed heats of formation in order to discriminate between identical stoichiometries. For these structures, #% values have been computed including spin orbit coupling. 10-Calculation of the energy difference ∆E between reactants and products in the chemisorbed state.
We consider for example a simple bimolecular gas phase reaction like:
Where ∆ + , is the standard heat of reaction, algebraic quantity with ∆ + , < 0 for an exothermic reaction, and ∆ + , > 0 for an endothermal reaction. A first Born-Haber cycle (Scheme S10.1) referred to all atoms in ideal gas at standard state allows to write :
Where E(AB) is the heat of atomization of reactant AB into the ideal gas at standard state, and others terms accordingly, all positive. This equation can be generalized summing heats of atomization of reactants on the left hand side and of products on the right hand side.
Let us now introduce the surface of a heterogeneous catalyst, a binary solid compound of formula MiXj , where M is a transition metal: the energetic cost of creating a surface X vacancy is #' where #' is the bond strength in bulk MiXj. Transposing the gas phase reaction (S1) in adsorbed state at the surface, we can write:
Where the subscript κ holds for chemisorbed, and ∆ is the difference in enthalpy between products and reactants in the chemisorbed state, now referred to the ideal gas at standard state plus bare catalyst surface, that is presenting the coordinatively unsaturated X surface vacancies having hosted the adsorbed reactants and products. By definition of given in the main text, the difference between the integer numbers r and p of surface vacancies occupied respectively by reactants and by products in their adsorbed states, equation (E10.2) , analogous to (E.10.1), must now include the balance of energy #' transferred from the catalyst's surface to reactant and products (see scheme S10.2):
Combining (E10.1) and (E10.2), yields: , and are of opposite signs, i.e. = − > 0 for exothermic reactions (chemisorbed reactants occupy more surface vacancies than chemisorbed products) and = − < 0 for endothermic reactions (chemisorbed products occupy more surface vacancies than chemisorbed reactants). Those are the situations allowing catalysis.
In the case of exothermic reactions, changing M in MiXj so that 0 < #' < * #' will determine ∆ < 0 , increasing from ∆ + , up to 0 (Scheme S10.2). One then describes the right-hand side of the volcano, with reaction rates increasing up to the maximum, since reactants are increasingly activated by chemisorption, eventually dissociative, with increasing #' . At the maximum, the catalyst exactly compensates energy levels of adsorbed reactants and products, and the activation barrier is minimal (Scheme S10.3). For #' > * #' , ∆ > 0 and increasing, the left-hand side of the volcano is described, with decreasing reaction rates, as the surface is progressively more poisoned by adsorbed reactants and the reaction barrier increases again (Scheme S10.4).
In the case of endothermic reactions, changing M in MiXj so that 0 < #' < * #' will determine ∆ > 0 , decreasing from ∆ + , down to 0 (Scheme S10.5). One then describes the right-hand side of the volcano, with reaction rates increasing up to the maximum, since products are increasingly activated by chemisorption, eventually dissociative, with increasing #' . At the maximum, the catalyst exactly compensates energy levels of adsorbed reactants and products, and the activation barrier is minimal (Scheme S10.6). For #' > * #' , ∆ < 0 and decreasing, the left-hand side of the volcano is described, with decreasing reaction rates, as the surface is progressively more poisoned by adsorbed products and the reaction barrier increases again (Scheme S10.7).
As expected from the principle of microscopic reversibility, this model implies that the same catalyst will be optimal for both directions of an equilibrated reversible reaction. Scheme S10.1: Energy diagram for an un-catalyzed exothermic reaction in gas phase Scheme S10.2: Energy diagram for an exothermic reaction catalyzed in adsorbed phase at the surface of a heterogeneous catalyst. Situation for 0 < #' < * #' and r > p , spanning the left-hand side of the volcano curve. Scheme S10.3: Energy diagram for an exothermic reaction catalyzed in adsorbed phase at the surface of a heterogeneous catalyst. Situation for #' = * #' and r > p , at the maximum of the volcano curve. Scheme S10.4: Energy diagram for an exothermic reaction catalyzed in adsorbed phase at the surface of a heterogeneous catalyst. Situation for #' > * #' and r > p , spanning the righthand side of the volcano curve. Scheme S10.5: Energy diagram for an endothermic reaction catalyzed in adsorbed phase at the surface of a heterogeneous catalyst. Situation for 0 < #' < * #' and r < p , spanning the left-hand side of the volcano curve. Scheme S10.6: Energy diagram for an endothermic reaction catalyzed in adsorbed phase at the surface of a heterogeneous catalyst. Situation for #' = * #' and r < p , at the maximum of the volcano curve. Scheme S10.7: Energy diagram for an endothermic reaction catalyzed in adsorbed phase at the surface of a heterogeneous catalyst. Situation for #' > * #' and r < p , spanning the right-hand side of the volcano curve.
11-Compilation of ∆ + , for the various reactions considered
In what follows we present the gas phase reactions we assume to correspond to the rate determining steps (r.d.s.) of the overall reactions for which we have obtained volcano plots as detailed in sections 2 to 9 above. We eventually briefly justify our choice. We provide the standard heats of reaction ∆ + , for these reactions, as computed using the software HSC chemistry V7.1 (SR 4.1) . Fig. 4 in the main text shows the linear correlation we obtain between In the following reaction equations, (g) stands for gas phase, (-a) stands for aqueous anion, (+a) stands for aqueous cation.
OER and Photocatalytic OER:
Photocatalytic oxidative dehydrogenation of CH3OH:
Under UV light, after stabilization, observed reaction products in gas phase are H2 and the formaldehyde CH2O, so that the overall reaction balance is:
However, either in the dark or under UV, HCOOH is the only species detected by Infra-Red on the catalyst's surface, so that R11.3 must be the first step, consuming either O2 traces present in liquid methanol, or activated oxygen O* spilled over by TiO2. The second step must be reductive, leading to formaldehyde and recycling O2 to the first oxidative step:
It is very endothermal, and therefore limiting in absence of UV light.
Provided their energy ∆ * = ℎ ⁄ is equal or larger than the semiconducting photocatalyst's bandgap (~3.1 eV or 298.3 kJ.mol -1 in the case of TiO2 P25), absorbed photons convert into hot electrons and holes at the solid's surface. Being entirely transferred to the co-catalyst's surface it will raise accordingly energy levels of adsorbed reactants and products.
The photo-activation of reaction (R.11.3.2) may be characterized by an electronic temperature 
Where is the photon yield and the applied photon flux (s -1 ). Putting numbers in these equations, i.e. = 365
, and = 300 , one gets, _› = 39166 , and ∆
• ,{ = 4.14 .
N' . The latter is quite small compared to usual activation barriers in heterogeneous catalysis. Figure S. 11.1 compares the prediction of equation (E.11.1) with our experimental results as a function of (action spectrum). In these experiments, a photon flux of ~10 17 s -1 was applied, and a photon yield of 0.3 was measured. The action spectrum was recorded by applying various passband filters of bandwith ~20 nm centered on 340, 370, 400 and 445 nm. The catalyst was 0.25 wt% Pt on TiO2 P25. The TOF is predicted to vanish for ≥ 401.04 , i.e photon energies lower than TiO2 P25 bandgap. From this original analysis, we deduce that under UV illumination, the reductive step (R.11.3.2) is no longer rate determining, while the overall process is now limited by the first oxidative step (R.11.3.1), the one which effectively responds to a change of co-catalyst so that the overall rate does follow a volcano plot described by the metal-oxygen bond strength #$ .
A generalization of this analysis to other photocatalytic systems exhibiting a co-catalyst sensitive rate would be beyond the scope of the present report. In adsorbed phase, this reaction will translate into the dissociative chemisorption of CO on a H pre-covered metal carbide surface. In adsorbed phase, this reaction will translate into the r.d.s being the addition of H from adjacent surface CH groups to the chemisorbed aromatic reactant, in analogy with the assumption we have made above for the first step of thiophene HDS, or of biphenyl hydrogenation on TMS. Surface CH groups are expected from the dissociative chemisorption of H2 on TM carbide surfaces, or C adatoms on TM surfaces in conditions of high chemical potentials of H and C imposed at reaction conditions . This reaction seems counter-intuitive at the water/metal cathode interface, however, since chemisorbed hydrogen at transition metal surfaces has a hydridic character, it should be negatively charged when the cathode is brought to a negative potential w.r.t. SHE. The recombination of two proximal surface H -into H2 will be prevented by coulombic repulsion unless each surface H -retro-donates its extra electron to the metal. We assume this slightly endergonic step to be the r.d.s. of HER. max values used to build Fig. 4 in main text. 
Synthesis of ammonia:
